Web crippling is a phenomenon where section webs cripple due to a concentrated force. This phenomenon could be caused by web buckling for slender sections or by web bearing/yielding for stocky sections. The aim of this study is to investigate the web bearing design rules for relatively stocky sections. Experimental tests and numerical modelling results on aluminium alloy square and rectangular hollow sections (SHS/RHS) subjected to web bearing are presented. The tests were conducted under four loading conditions: end-two-flange (ETF), interior-two-flange (ITF), end-one-flange (EOF), and interior-one-flange (IOF). Two different bearing lengths, 50 mm and 90 mm, were investigated. The test specimens were fabricated by extrusion using 6063-T5 and 6061-T6 heat-treated aluminium alloys. Web slenderness values (i.e. the width-to-thickness ratio h/t) ranging from 2.8 to 28.0 have been considered. Non-linear finite element (FE) models were developed and validated against the test strengths and specimen failure modes. Upon validation, the FE models were used to perform a parametric study in order to supplement the experimental work. A total of 138 web bearing data consisting of 34 test results and 104 numerical results were generated in this study. In the ETF and ITF loading conditions, all specimens failed by material yielding at the webs. For the EOF and IOF loading conditions, specimens failed by flexural failure, interaction of web bearing and bending effects or material fracture at the tension flanges.
Introduction
Web crippling is a form of localized failure that occurs at points under concentrated transverse loading of thin-walled structural members and is one of the common local failure modes [1] . Web crippling can be classified in a more detailed way as web buckling for relatively slender sections and web bearing for relatively stocky sections.
Up to now, the majority of existing studies were focused on web buckling design of relatively slender sections, including experimental investigation [2] [3] [4] [5] [6] and numerical simulation [3, 7, 8] . Moreover, most of the available test results were on stainless steel members [9] [10] [11] [12] [13] . Though stainless steel and aluminium alloys are both metallic materials with similar continuous stress-strain curves without a clear yielding point, for efficient and economical structural design, it is important to recognise the key characteristics of aluminium alloys, such as the nonlinear material stress-strain curves with significant strain hardening and reasonable ductility [14] . The present study investigates the performance of aluminium alloy sections subjected to web bearing.
Though web buckling and web bearing are two different failure mechanisms, some of the international design specifications such as the Aluminum Design Manual (AA) [15] and the Australian/New Zealand Standards -Aluminum Structures (AS/NZS) [16] provide only one series of equations for the web design. Other specifications such as Eurocode 9 -Design of Aluminium Structures (EC9) [17] , the Specification for Structural Steel Buildings (AISC) [18] , the Australian Standard -Steel Structures (AS4100) [19] and Eurocode 3 -Design of Steel Structures EN 1993-1-3 (EC3) [20] do provide corresponding design rules for different failure mode. These existing design rules for the web bearing strength were all derived through semi-empirical and theoretical bases, and are based on experimental investigation conducted by researchers from the 1940s onwards, such as Winter and Pian [21] , Zetlin [22] , Hetrakul and Yu [23] , Young and Hancock [1] and so on.
Aluminium alloy tubular sections are becoming increasing popular in structural applications, especially for roofing system, building facade, moving bridges and structures in corrosive environment. The webs of tubular members may be subjected to concentrated forces when used in a floor system [5] . Two loading conditions are considered in the specifications: interior loading and end loading. The AISI Specification [24] specifies that when the distance from the edge of the bearing to the end of the member is less than or equal to 1.5 times the clear depth of the web, it is classified as end loading, otherwise it is classified as interior loading. When considering the concentrated load acting on one flange or two flanges, four loading conditions of prime interest are classified: end-one-flange (EOF), interior-one-flange (IOF), end-two-flange (ETF), and interior-two-flange (ITF). Some design codes treat the one-flange and two-flange loading conditions as being the same.
In this paper, aluminium alloy square and rectangular hollow sections (SHS/RHS) were tested under the four loading conditions of EOF, ETF, IOF, and ITF. The concentrated loads were applied by means of bearing plates of two bearing lengths, 50 mm and 90 mm. The test specimens were extruded by normal strength (6063-T5) and high-strength (6061-T6) aluminium alloys. Finite element (FE) models were developed using ABAQUS version 6.12 [25] and validated against the test results generated in this study. The validated models were then used to conduct a parametric study and 104 additional numerical results were generated. Since this research focuses on web bearing design, only the specimens failed by web bearing are included. The combined experimental and numerical data, with slenderness values (h/t) of 2.8 to 28 .0, were used to assess the web bearing design rules in the aforementioned international specifications. Using the results, a series of more accurate design equations for two-flange loading configurations were proposed, and assessed by reliability analyses.
Experimental investigation
A series of tests on aluminium alloy square and rectangular hollow sections (SHS/RHS) subjected to web bearing were performed at the structural laboratory at The University of Hong Kong.
Test specimens
The test specimens consisted of different cross-section dimensions with nominal heights of the webs ranging from 50 mm to 120 mm. Tables 1-4 show the measured test specimen dimensions and material properties. Fig. 1 illustrates the section dimensions, where B is the flange width, H is the web width, h is the flat width of web, t is the thickness and L is the stub column length. As for the listed material properties, E is the Young's modulus, fy is the material yield stress (taken as the 0.2% proof stress), fu is the material ultimate stress, u is the strain at ultimate stress and f is the strain at fracture. The web slenderness h/t ratios ranged from 2.8 to 11.5, which belong to the class 1 proportion [17] . The specimen length L was determined according to the AS/NZS 4600 [26] and the AISI [24] specifications. The clear distance between opposed loads was set to be 1.5 times the overall depth of the web. 
Specimen labelling
In Tables 1-4 , the specimens are labelled such that the specimen materials, cross-section dimensions, the loading condition, and the length of the bearing plates can be identified from the label. For example, the label ''H50×90×10.5-ETF-N50-R'' defines the following specimen:
• The first letter "H" refers to high strength aluminium alloy 6061-T6, while "N" refers to normal strength aluminium alloy 6063-T5
• The nominal cross-section has dimensions of width (50 mm) × height (90 mm) × thickness (10.5 mm);
• The next three letters indicate the loading condition that was used in the tests; that is a loading condition of either end-one-flange (EOF), interior-one-flange (IOF), end-two-flange (ETF), or interior-two-flange (ITF).
• The notation ''N50'' indicates the length of bearing, here it is 50 mm.
• If a test was repeated, a letter "R" is shown in the label.
Dimensions and material properties
The specimens were extruded from two commonly used aluminium alloys, normal strength aluminium alloy, 6063-T5, and high strength aluminium alloy, 6061-T6. The material properties of the test specimens were determined by tensile coupon tests.
Coupon tests conformed to the Australian standard AS 1391 [27] and the ASTM standard [28] . The static load was obtained by pausing the applied straining for one minute near the 0.2% tensile proof stress and the ultimate tensile strength. 
Loading conditions and test rig
The box section specimens were tested using the four loading conditions according to the AISI Specification [24] and the Australian/New Zealand Standard AS/NZS4600 [26] . These loading conditions were end-two-flange (ETF), end-one-flange (EOF), interior-two-flange (ITF) and interior-one-flange (IOF), as shown in Li and Young [29] . The loads were applied by means of steel bearing plates. The thickness of the bearing plate was 50 mm, and two bearing lengths of 50 mm and 90 mm were In the EOF loading condition, the defined web bearing failure occurs at the ends due to the concentrated loads. The length of the bearing plate N in the labels refers to the length of the end bearing plates. The mid-span bearing plate is two times larger than the end bearing plates and steel stiffeners were adopted in the mid-span in order to avoid the local buckling at the mid-span. Local failure is more prone to occur at the end webs. The web deformations of the specimens were measured between the top and bottom surfaces of the specimens at both ends. A photograph of the test arrangement of EOF loading is shown in Fig. 3 (c).
The test under the IOF loading condition is shown in Fig. 3(d) . In the IOF configuration, local failure is prone to occur at the interior webs as web bearing with the material yielding due to the concentrated loads. Three bearing plates of the same length N were used so that the stress at the mid-span cross-section is greater than the end cross-section. The measurement of the mid-span web deformation uses a stiff steel plate adhesive to the bottom flange of the specimen, as shown in Fig Tables 5-8 .
Since the research focuses on web design at load concentrated area, failure modes were only determined at specific locations. Specifically, only webs at external locations are considered for ETF and EOF loading conditions, and only webs at the interior locations are considered for ITF and IOF loading conditions. Web buckling was not observed at the ultimate load for all tested specimens. Instead, web bearing (B), flexural failure (F) and tensile material fracture (split) (S) were observed in the tested specimens. In both two-flange loading conditions, ETF and ITF, all specimens failed by material yielding of webs at the load concentrated positions, which is known as web bearing (B). It was seen that the pure web bearing capacities for one-flange loading conditions (EOF and IOF) cannot be obtained since the webs were stocky. In the EOF loading condition, the failure was affected significantly by bending effect.
One specimen (N120×120×9.0-EOF-N50) failed by fracture at the mid-span, while the other five specimens failed because the mid-span cross-section reached its bending moment capacity, which is flexural failure. In neither of these two situations, the cross-sections or the webs at the beam ends yielded or failed. For the IOF condition, the considered cross-section is at the mid-span where specimens failed by primarily by tensile material fracture (S) or flexural failure (F), but some web bearing (B) was also observed. In both EOF and IOF loading conditions, none specimens failed purely by web bearing, which means that the test results for one-flange loading conditions do not reflect the pure web bearing capacities. The failure modes are reported in Tables 5-8 .
Finite element modelling
The finite element program ABAQUS version 6.12 [25] was used to simulate aluminium alloy tubular sections subjected to concentrated transverse loads. The modelling was performed for full cross-sections even though specimens have symmetry in their geometry.
Element type and mesh
The reduced integration four-noded doubly curved shell element (S4R) was employed in the present study to model the continuous beams. The S4R general purpose shell element has six degrees of freedom per node and provides an accurate solution to problems of the nature addressed in this study [30] . The specimen was modelled by deformable extrusion, and the bearing plates were modelled using rigid bodies. A uniform mesh size of 5 mm × 5 mm was chosen for all specimens and bearing plates.
Boundary condition and modelling method
The boundary conditions were modelled according to the tests conducted in the laboratory. The movement of the top bearing plate was restrained in the longitudinal direction and in the out-of-plane direction. Compressive loads were applied at the representative point at the top bearing plates. For the ETF and ITF loading conditions, the bottom bearing plates were restrained in all directions. For the EOF and IOF loading conditions, the longitudinal Z direction of the bottom plates was free to move in order to simulate rollers. The specimens were restrained longitudinally at the mid-span only.
The interfaces between the steel bearing plates and the aluminium alloy specimen were modelled using a contact pair. Hard contact in the normal direction and frictionless condition in the tangential direction were used between the bearing plate (master surface) and the specimen surface (slave surface). The two surfaces were prevented from penetrating into each other, but allowed to separate after contact. Tie interaction was used for the contact edges between the specimens and the bearing plates.
The loading control used in the FE analysis was similar to that used in the tests, where the load was applied by imposing vertical displacement to the solid bearing plates.
The Riks procedure with automatic increment sizing, as described in ABAQUS 6.12 [25] was used to allow the post-ultimate path of the modelled specimens to be captured.
Material modelling
The elastic part of the stress-strain curve was represented by the measured Young's modulus as well as using the Poisson's ratio of 0.33. For the inelastic part, the material nonlinearity was included in the FE models by specifying set of values of true stress and true plastic strain using the incremental plasticity model. The relationship between the true stress true and the engineering stress , as well as the true plastic strain pl true  and the engineering strain  are given by Eqs. (1) and (2), respectively.
where E is the Young's modulus.
Validation of the numerical model
The FE models were validated by the comparison against 34 physical test results from four different loading conditions. The results are shown in Tables 5 -8. Comparisons can be made between failure modes and load-deformation behaviour.
In the ETF and ITF loading conditions, the only failure mode obtained from finite element models was web bearing, which is consistent with the observations from tests.
It is shown that for some specimens, all the webs under the concentrated loads reached the yield stress (see Fig. 4(a) ), but for other specimens, only some of the webs (near the load concentrated flanges) reached the yield stress (see Fig. 4(b) ). No local buckling occurs at the webs. Similarly, for the EOF loading condition, when the specimen reached the ultimate load, no local buckling or material yielding was observed on the webs at the beam ends (see Fig. 5 ). These specimens all failed by the flexural failure or by tensile material fracture at the mid-span of the beam. For the IOF loading condition in Fig. 6 , the flanges and some parts of the webs at the mid-span reached the yield stress. This indicates that the failure of this specimen was caused by an interaction of flexural failure and web yielding. The full load-deformation responses from all tests and simulations were compared.
Typical load-web deformation curves are presented in Fig. 7 for the ETF loading condition and Fig. 8 
Parametric study
The validated FE models provide a basis for a parametric study aiming to better the understanding of the behaviour of tubular sections subjected to web bearing failure. A parametric study was performed to investigate the effects of three key factors on the aluminium alloy web resistances: the web slenderness, the yield strength, and the bearing length.
Since this study is focused on web bearing design, the selection of appropriate specimens that failed by web bearing is very important. A feasibility study on the h/t limits was carried out to exclude slender sections that failed by web buckling.
Specimens with a wide range of h/t ratio were modelled under the ETF and ITF loading conditions. The failure mode of web bearing under the ETF loading condition is shown in Fig. 4 . If the section is too slender, web buckling was observed with large deflection at the mid-length of the webs, as shown in Fig. 9 . The yielding at the mid-height of the web is the load concentration due to the curvature of the web caused by buckling. The critical h/t limit above which specimens failed by web buckling was found to be 28.0. This corresponds to the specimen H150X150X3.5-ETF-N90, where the stress at the mid-length of the webs just reached the yield stress at the ultimate load (see Fig. 10 ). When the h/t ratio is larger than 28.0, the stress at the mid-length of the webs reached the yield stress at the ultimate load; whereas when the h/t ratio is smaller than 28.0, the stress at the mid-length of the webs has not yet reached the yield stress at the ultimate load. Therefore, to include only the web bearing failure results, the h/t ratio of 28.0 is chosen as the upper bound limit for the parametric study of this research. respectively in the parametric study. All the FE models in the parametric study were reviewed to ensure that no web buckling failure occurred. The specimens under ETF and ITF loading conditions were observed to fail by web bearing. For the EOF and the IOF loading conditions, web bearing failure was not apparent since the web deformation at the ultimate load was less than 0.5% for all models of these loading conditions. Instead, the flexural effect seems to play a more important role in failure.
This observation will be further discussed in the coming section.
Comparison with design methods
In this section, the experimental and numerical results of aluminium alloy square and rectangular hollow sections subjected to concentrated loads are compared with existing design methods. No specimens which failed by web buckling are included in this section since this study focuses on web bearing design owing to material yielding.
The web bearing design strengths were predicted according to the AA [15] , the AS/NZS [16] EC9 [17] , AISC [18] , the AS4100 [19] and EC3 [20] specifications.
Aluminium design manual [15]
The three aforementioned design standards were established for steel materials, while the Aluminum Design Manual [15] is a standard for aluminium alloy structural members. The web design rules for webs subjected to a concentrated transverse load are specified in clause J9.1. The AA specification does not separate the web design by the failure modes. This means that the same design rules are adopted for webs that fail by local buckling and those that fail by material yielding. The standard has equations for end bearing (i.e. ETF and EOF) and internal bearing (i.e. ITF and IOF) conditions.
The web design for ETF and EOF is given by Eq. (3) 
Australian/New Zealand Standards [16]
The Australian/New Zealand Standard [16] for aluminium alloy structures has adopted the web design rules from the AA specification. Therefore, the AS/NZS (PAS/NZS) and AA (PAA) specifications provide the identical web bearing design predictions.
Eurocode 9 [17]
Eurocode 9 [17] provides resistance design rules for webs subjected to transverse loads in clause 6.7.5. EC9 provides design equations for web buckling failure and an upper bound limit which corresponds to web bearing failure. The design expressions are given below, from Eqs. (5) to (14) . The principle of the design is given in Eq. (5), while the upper bound design of this equation given by Eq. (6), which corresponds to web bearing failure. The concentrated load was assumed to spread out at a slope of 1:1 through a specimen. It should be noted that only three loading conditions, i.e. EOF, ITF and IOF, are specified in EC9 for aluminium alloy structures. For cases of the ETF loading condition in this study, the EC9 EOF design rules are used. The ETF loading case can only refer to the design rules of EOF loading condition.
For the EOF and ETF loading conditions: 
For the ITF loading condition:
For the IOF loading condition: 
AISC specification [18]
The AISC Specification for Structural Steel Buildings [18] provides the web local yielding design in clause J10.2. Design rules for web bearing strengths are divided into two cases, according to the load concentrated location. It should be noted that the web yielding design rules in the AISC were only initially developed for one-flange loading (EOF and IOF) conditions, but were then adopted for the two-flange loading (ETF and ITF) conditions. Thus there are no specific design rules for two-flange loading conditions. The design provisions of AISC were based on tests on two-sided directly welded girder-to-column connections [31] . The stress slope that spreads out in the flange was originally assumed as 2:1, but later on, a more accurate stress gradient of 2.5:1 was suggested by Graham et al. [32] , which is used here. The web bearing resistance is defined in Eq. (15):
where by is the yielding length at the webs, t is web thickness, and fy is the yield stress.
For the ETF and EOF loading conditions:
For the ITF and IOF loading conditions: by = 5t+N (17) where N is the bearing length.
Recent studies indicated that the predictions given by Eq. (15) were slightly conservative [33, 34] .
AS4100 [19]
An equation to determine web bearing yield capacity is provided in clause 5.13.3 in the Australian Standards for Steel Structures AS4100 [19] . The general design rules in AS4100 [19] as shown in Eq. (18) are similar to that of the AISC [18] , except it includes a coefficient, αp, that is specified for SHS/RHS.
PAS4100 = bytfyαp
Here, by and αp for the ETF and EOF loading conditions are given in Eqs. (19) and (20):
For the ITF and IOF loading conditions, by and αp are given in Eqs. (21) and (22): 
Comparison of results
The experimental and numerical ultimate web bearing load per web (Pu) values are compared with the nominal design strengths predicted by the aforementioned six design methods. The comparison between the experimental and numerical results and the design capacities are plotted in Fig. 11 and summarized in Table 9 . Since the predictions of the EC3 are significantly conservative for the ETF and ITF loading conditions, the comparison with EC3 are not plotted Figs.11(a) and (b) in order to keep a reasonable scale to clearly show the differences of the other design methods.
The design strengths were calculated using the measured cross-section dimensions of each specimen and the measured material properties. Though the one flange loading tests have been conducted according to the requirements found in different specifications, the failure modes of these specimens were still affected by flexural. In the case of the EOF loading condition, it was found that all of the most of the design rules have overestimated the ultimate loads Pu except EC3, as shown in Table 9 (c) and Fig. 11(c) . 
Proposed design equations for web bearing
As discussed in the last section, the generated results under EOF and IOF loading conditions in this study has been significantly affected by flexural behaviour.
Therefore, only web bearing design rules for the ETF and ITF loading conditions are proposed herein.
The strain hardening behaviour of aluminium alloys has been well studied in recent research works [14, 36] . Similar to cross-sections subjected to compression or bending, stocky webs that fail by web bearing may be able sustain more loading beyond the yield stress. In the present study, the effect of strain hardening is taken into account for the proposed web bearing design rules.
Design method with consideration of strain hardening
The web bearing failure mechanism is where webs under concentrated loads reach yielding stresses. The web bearing design capacity is the yielding area (byt) multiplied by the resisting stress (fcsm). As explained in the continuous strength method (CSM) [14, 36, 37] , the CSM limiting stress fcsm includes the strain hardening effect. To include the strain hardening effect, the present study uses the CSM stress fcsm is to replace the yield stress fy, as shown in Eq. (24) . By including strain hardening in the design equations, material properties of different aluminium alloys can be considered more specifically. The proposed design procedure for determining the web bearing strength of aluminium alloys for two flange loading conditions is given below:
where:
fcsm is the limited CSM stress given by:
Esh is the strain hardening slope given by:
ε -ε uy (26) csm is the CSM strain given by: 0.25 3.6 ε = ε csm y λ p but y ≤ ε csm ≤ lesser of (15y, 0.5ε u ) (27) λp is the plate slenderness given by: (28) εu is the tensile strain at the ultimate stress given by:
y is the yield strain given by:
For the ETF loading condition:
It should be noted that when calculating the critical buckling stress fcr for Eq. (28), the plate coefficient k is 1.247 for ETF loading condition and 6.97 for ITF loading condition. The proposed design rules were calibrated based on the experimental and numerical results and may not adequately account for sections and bearing lengths outside the range of variables tested.
Comparison of results
The result comparisons are conducted between the experimental and numerical results and the for the proposed design method (Pprop), and are presented in Fig. 12 and Table   9 . The proposed design strengths are generally reliable for both ETF and ITF loading conditions. The mean value of tested and numerical-to-predicted load ratio is 1.05
with the corresponding COV of 0.083 for the ETF loading condition, while the mean value of tested and numerical-to-predicted load ratio is 1.05 with the corresponding COV of 0.067 for ITF loading condition. In both cases, the proposed design rules have provided more accurate mean values and lower COV compared to the previously reviewed existing design rules.
Reliability analyses are conducted for the newly proposed design rules as well as current design codes for the ETF and ITF loading conditions, and shown in Table 9 .
The reliability index is calculated in accordance with clause 1. [15] . The minimum required reliability index for aluminium alloy members is 2.50, as codified in the AA standard [15] . It is seen that for the ETF loading condition, only the newly proposed method can pass the reliability analyses for web bearing design.
As for the ITF loading condition, the AISC, EC9 and the newly proposed method are seen to be safe and reliable. 
Conclusions
According to the design standards, if the edge load is concentrated over a portion of the element length, web local failure needs to be considered. This study focused on relatively stocky webs (2.8 ≤ h/t ≤ 28.0) that are subjected to web bearing failure. An experimental testing program comprising 34 square and rectangular hollow sections was carried out using four different loading conditions (ETF, ITF, EOF and IOF).
Finite element models were developed and validated against the test results, after which a parametric study was conducted in order to generate a total of 104 numerical results.
The accuracy of the current design rules for tubular sections against web bearing was investigated. Test and numerical results were compared with the design strengths predicted by the AA, AS/NZS and EC9 for aluminium alloy structures as well as the AISC, the AS4100 and EC3 for steel structures. For the two-flange loading conditions (ETF and ITF), the performances of three aluminium alloy codes (i.e. the AA, the AS/NZS and EC9) are shown to be better than the three steel codes (i.e. the AISC, the AS4100 and EC3). 
